W e present here a vision of individualized Knowledge Graphs (iKGs) in cardiovascular medicine: a modern informatics platform of exchange and inquiry that comprehensively integrates biological knowledge with medical histories and health outcomes of individual patients. We envision that this could transform how clinicians and scientists together discover, communicate, and apply new knowledge.
What if physicians had their own personal artificial intelligence assistant-similar to Tony Stark's J.A.R.V.I.S.-to help prescribe individualized strategies for patient care? In our era of digital biomedicine, this symbiotic human-machine interaction has for the first time become a feasible reality. We have at our fingertips the depth, dimension, and scale of information to piece together a holistic picture of disease and the human condition; however, the human capacity to analyze and extract knowledge is limited, and collaborations with computers could drastically enhance the power and speed at which an integrated view of disease is synthesized. 1 Beginning in 2017, 1 million Americans will participate in the Precision Medicine Initiative All of Us Research Program. Moreover, the National Institutes of Health Precision Medicine Initiative Cohort Program 2-4 calls for a knowledge network that uses biomedical informatics to bridge basic biological knowledge on molecular disease drivers with higher-level phenotypic abstractions representing a patient's clinical manifestation. This network could link evidence across methods used to characterize a disease process, hone disease classification, sharpen treatment regimens, and tailor preventative strategies for specific individuals. Both current and emerging informatics developments have shaped everyday clinical practice, including but not limited to echocardiographic pattern recognition, 5 Framingham Risk Score, 6 and random survival forests for predicting survival in systolic heart failure. 7 In our view, these studies have begun to explore the promise of modern biomedical informatics. In the last decade, integrated omics science has provided unmatched power for unbiased characterization of patient features based on molecular events. Through pattern deconvolution, these omics data signatures will likely translate into far superior classifiers of cardiac phenotypes. Although unprecedented opportunities exist, focused efforts are required to translate the findings of big data studies into clinically actionable approaches. To this end, efforts to realize this knowledge network would benefit from the creation of shared platforms that transform how researchers and clinicians together will discover, communicate, and apply new biomedical knowledge. Thus, we are at a critical point of biomedical advancement where our community must face the challenges and opportunities involved in developing informatics systems that integrate biological and clinical knowledge of individual patients.
Such a modern paradigm could foster comprehension and exploration of disease states in a few key areas. First, efforts could break through cross-data boundaries and merge spatiotemporal scales of description. For example, which peripheral blood cell epigenetics inferences can be made from different types of coronary computed tomographic imaging, and how does variability in levels of expression impact quantitative imaging-based findings? Second, the modern paradigm could aim to combine new data sources for better contextualizing of biomarkers. For example, how strongly do multiomics markers for inflammation correlate with myocardial infarction, given an individual's measured levels of physical activity via mHealth sensing? Third, efforts could focus on linking data sources of biological insight with clinical outcomes. For instance, what is the molecular basis of a statin's action on metabolic pathways, and what is its efficacy in a patient with certain genetic and treatment response profiles?
iKG: A Computational System to Integrate Personalized Health Information
In 2012, Google introduced the concept of a Knowledge Graph (KG), a knowledgebase used to enhance search engine results via semantic information gathered from a variety of sources. 8 Herein, we put forth a provocative idea to the cardiovascular community: creating iKGs, a system of cardiovascular knowledge networks for aggregating and depicting individualized cardiovascular health data in new and informative ways. An iKG framework ( Figure) could be a 2-pronged system capable of supporting both translational research and clinical practice, each having a customized platform. being developed to bridge research and clinical practice in other areas of medicine. 9 We submit that iKG-like networks could synergistically enhance translational research and clinical decision-making, reaping substantial benefits for our community. Importantly, this framework could facilitate team science, uniting experts in epidemiology, biomedical informatics, clinical cardiology, and cardiovascular biology. The iKG-containing commons could become a shared resource, coordinating with national efforts in data discovery and resource indexing, and establishing consensus among key stakeholders.
Computational Opportunities and Challenges
How do iKG-like platforms add value to congestive heart failure (CHF) patient care? The promise lies in providing clinicians with live representations of personalized health (Online Figure I ) and researchers with an informatics architecture for catalyzing discoveries. Example inquiries resolved by iKGs are as follows: What molecular observations in relevant cohorts or case reports help us predict changes in CHF patients? How will patients respond to therapies at the molecular level, according to drug-specific information? What is the biological basis of frailty, and how can it influence personalized treatments for CHF? Which CHF therapy (eg, mechanical device) results in the most benefit to individuals based on their genetic information? To answer these, one must overcome challenges and engage in the grand opportunities:
Challenge 1
Cardiovascular data are fragmented and noncommensurate in that they span different scales, data types, and sources.
Implementation and conformation to a set of data standards for quality and provenance are lacking.
Opportunity 1

Identification, Characterization, and Integration of HighValue Data Sources That Provide a Multifaceted View of CHF
A high-value data set 10 is supported by its accessibility, size, completeness, acquisition features, and information gain. Multiple computational approaches, including machine learning, can render cardiovascular data sets more findable, accessible, interoperable, and reusable, thereby adding value. Algorithms can be trained via supervised learning and subsequently automated via unsupervised learning. Moreover, crowdsourcing could perform data quality and annotation tasks for encoding semantic relationships, enhancing metadata quality, identifying common features, and achieving data integration.
Challenge 2
Traditional models for mapping relationships within data do not consider semantic inferences, and contextual information is often high-dimensional, sparse, incomplete, and noisy.
Opportunity 2
Contextualization of Data and Knowledge and Phenotypic Integration Over Heterogeneous Information Networks
There is a great need for the development of machine learningbased mapping algorithms to infer connections across data types and to establish different relations (eg, semantic and correlative to causal) among disparate data. Moreover, new methods for 
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Challenge 3
Many existing informatics pipelines are not substantiated in cardiovascular use cases and lack proper validation, making them refractory to translation.
Opportunity 3
Validation and Iterative Improvements in Cardiovascular Informatics Platforms (eg, iKGs) To add value, informatics platforms must be rigorously validated to assess use, impact, and sustainability. New applications that support prediction of novel disease signatures across multiple spatiotemporal observations and independent CHF populations are needed, including endotype discovery and predictive modeling, belief networks, and convolutional neural networks. These show great promise for strengthening inferences and empowering clinical decision-making. Mechanisms for systematically evaluating informatics platforms are needed, such as soliciting active feedback from scientific and clinical communities to guide processes for enhancement.
Challenge 4
Continuing education of clinicians on the guidelines for use of omics and other big data to individualize patient treatment is lacking.
Opportunity 4
Implementation of Big Data Education Programs for Physicians in Medical School Curricula and Continuing Educational Formats
This involves changes in both knowledge and mindset of clinicians. Traditional human-machine interactions in the clinic have involved a more passive utilization of computers to obtain simple read-outs that guide general practice. In contrast, iKG-like platforms would provide greater depth and diversity of information, requiring that clinicians understand the breadth of omics data sets and patterns embedded in heterogeneous data sources. Continuing education would ensure that clinicians are current on the most relevant information and discoveries; educational modules could be built directly into an iKG-like commons.
Conclusions
We have presented a vision involving a partnership between humans and machines, 2 indispensable components for precision cardiovascular medicine to become a reality. Information architectures like iKGs link together valuable data sets across repositories and offer continuums of observations across disease pathogenesis. This creates opportunities for individual research teams to contribute incrementally and accumulatively to the global cardiovascular data resource, empowering our collective ability to discern disease phenotypes. Opportunities abound for identifying high-value data and metadata, creating computational architectures, integrating heterogeneous data sources, validating methods for cardiovascular applications, and educating the scientific and medical communities to be a part of this informatics vision. Given the many well-established cardiovascular cohorts (eg, Jackson Heart Study and Multi-Ethnic Study of Atherosclerosis) constituting rich clinical and molecular data sets, 12,13 our cardiovascular community is well poised to forge new discoveries and innovations in the era of precision medicine.
